Abstract. In the unicellularly growing green alga Scenedesmus acutus, the formation of many-celled coenobia may be induced by an infochemical released by the grazer Daphnia magna. We used a standardized bioassay to obtain information about the release of the infochemical by actively feeding D.magna and its chemical nature. The infochemical could not be extracted from the alga or the grazer by aqueous or more lipophilic solvents. When the release of coenobia-inducing activity by actively feeding D.magna was investigated as a function of the individual's body mass, no increase with increasing individual body mass was observed, indicating that the chemical cue originates from zooplankton's non-digestive metabolism rather than from digestion of alga by the grazer. The infochemical released by D.magna can be characterized as an olefinic low-molecular-weight carboxylic acid. Hydroxy and amino groups can be excluded as moieties of the infochemical essential for biological activity. We present a method to concentrate the infochemical from Daphnia incubation water using lipophilic solid-phase extraction. Subsequent separation by reversed-phase HPLC yielded only one active fraction.
Introduction
There is a rapidly growing number of reports of chemical communication in pelagic environments (Larsson and Dodson, 1993; Verity and Smetacek, 1996) . Changes in plastic traits, involving behaviour, morphology or life history, are mediated by infochemicals. In particular, many examples of inducible defences are known from predator-prey systems. In zooplankton, behavioural responses to the presence of fish and invertebrate predators have been recognized (Dodson, 1988; Dawidowicz et al., 1990) . Morphological changes can be induced by infochemicals from vertebrates, invertebrates, predatory zooplankton and protozoans (Gilbert, 1966; Krüger and Dodson, 1981; Kusch and Heckmann, 1992; Tollrian, 1994) . Life history changes in zooplankton are mediated by infochemicals from vertebrates and invertebrates (Stibor and Lüning, 1994) .
It is acknowledged that grazing resistance is an important factor in phytoplankton succession (Sommer et al., 1986) , and that such resistance may be improved by increased cell or colony size, or by having rigid cell walls or spines. Likewise, grazer defence can be enhanced by toxins or repellents (Nizan et al., 1986) . Studies on herbivore-induced defences are restricted to terrestrial plants which gain protection against repeated attack by herbivores through the induced synthesis and retention of secondary metabolites (Tallamy and Raupp, 1991) . These may induce chemical defence in other nearby plants of the same species (Zeringue, 1987; Bruin et al., 1992) . Recently, the induction of polyphenols by herbivory in the brown alga Ascophyllum has been shown (Pavia et al., 1997) , but there is little information on grazer-mediated induction of defences in phytoplankton. Recently, a grazer-mediated increase in colony (coenobia) size has been demonstrated in the phenotypically plastic green alga Scenedesmus (Hessen and Van Donk, 1993) and it has been shown to increase protection against grazing (Lürling and Van Donk, 1996) . The same coenobia-inducing activity occurs under natural conditions when grazers are highly abundant (Lürling and Van Donk, 1997; Van Donk et al., 1998) so that this inducible grazing resistance influences the ecological transfer efficiency from primary to secondary producers. Existing theories have pointed out that ecological transfer efficiency is a key parameter in regulating trophic dynamics (Oksanen, 1988; Power et al., 1992) .
Since starving Daphnia released less coenobia-inducing activity than actively feeding ones (Lampert et al., 1994) , it was concluded that the infochemical is produced by digestion of the algae by the grazer (Lürling and Van Donk, 1997) . Alternatively, it can be hypothesized that the cue originates from zooplankton's non-digestive metabolism and is thus only indirectly linked to the digestion of food. The inducibility of many-celled coenobia suggests that colonial growth is associated with costs which are minimized by linking the onset of this defence to the real extent of grazing pressure. This link is provided by the cue released by the grazer and thus the reliability of the infochemical is crucial in order to avoid dispensable costs for Scenedesmus. An important feature of the effect of the chemical is its activity in water, which is determined by the chemical nature of the molecule. Recently, the cue was characterized as a non-volatile organic compound of low molecular weight (Lampert et al., 1994) . Here, we present further chemical characteristics of the infochemical and a method for large-scale enrichment and subsequent chromatographic purification. We further investigate whether the infochemical is generated by digestion of algae by the grazer or is a product of the grazer's non-digestive metabolism.
Method

Cultures
A strain of Scenedesmus acutus Meyen from the institute's algae collection was grown semicontinuously in Z/10 medium (Zehnder and Gorham, 1960) at 20°C and 125 µmol photons m -2 s -1 to a cell density of <5 ϫ 10 6 ml -1 . Tests were run in batch cultures in 100 ml cellulose-plug-stoppered Erlenmeyer flasks containing 50 ml of WC medium modified from Guillard (1975) by omitting TES and silica. In a standard biotest, each flask contained S.acutus from the semicontinuous culture, which had been resuspended in 47 ml of fresh modified WC (1-3 ϫ 10 4 cells ml -1 ) and 3 ml of medium (controls) or of test water (treatment). Flasks were incubated at 22°C on a rotating shaking table (90 r.p.m.) with light from above (115 µmol photons m -2 s -1 ) for 48 h. All treatments and controls were run in triplicate. Daphnia magna Straus from a strain maintained in our laboratory for many years was cultured in membrane-filtered lake water from mesotrophic Schöhsee with S.acutus as food. To produce the standard coenobia-inducing factor, 30 adult daphniids (total dry mass ~7.5 mg) were incubated for 24 h in 100 ml of modified WC medium with S.acutus at a concentration well above the concentration at which Daphnia is food limited (incipient limiting level or ILL). After removal of the animals, the water was filtered through membrane filters (0.2 µm cellulose acetate; Schleicher & Schuell, Dassel, Germany). This we called 'Daphnia incubation water'. Incubation water was either used immediately or stored frozen at -20°C. To investigate the effect of increasing individual mass of Daphnia on the release of coenobia-inducing factor, a cohort of 60 synchronized neonates was incubated as described above. Food was added every 8 h to keep algal concentrations above ILL. Animals were transferred daily into fresh medium and the filtered incubation water was frozen. All samples collected were assayed in triplicate in a single biotest.
Initial and final algal densities and particle size distributions were measured with a CASY particle analyser (150 µm capillary; Schärfe System, Reutlingen, Germany). The samples were diluted 1:10 and four aliquots of 200 µl were measured in the size range 3.5-20 µm.
We gained some information about the chemical nature of the coenobiainducing factor. Different chemical treatments were assayed in various bioassays. In order to control for the plasticity of the algae in each test, we ran a 'Negative control' of incubation water (untreated WC added) and a 'Positive treatment' of incubation water (untreated Daphnia incubation water from a frozen sample) in each bioassay and included the results in the statistical analysis. However, due to variation of the mean particle volume of the 'Positive treatment' of incubation water between biotests, only results from a single biotest are compared statistically, so that all data belonging to the same table or graph result from a single bioassay. Negative controls of the treatments were performed by treating WC medium in the same way as Daphnia incubation water.
Extraction of activity
The coenobia-inducing activity was enriched from Daphnia incubation water by C18 solid-phase extraction (SPE) (500 mg, Analytichem Int.). The cartridges were pre-conditioned prior to passing the sample with 20 ml of ethanol and ultrapure water. The pH of the samples was adjusted to 7.0 with 2 M HCl. Methanol was added to achieve a 1% concentration and the resultant solution was passed through the cartridge. The eluate was collected. The loaded cartridge was washed with 20 ml of ultrapure water prior to elution of the isolate with 10 ml of ethanol. Both the eluate and the eluent were evaporated to dryness in order to remove organic solvents, resuspended in WC medium and tested for biological activity.
pH-dependent extraction with ethyl acetate was investigated by adjusting 10 ml of filtered Daphnia water to pH 2.0, 7.0 and 12.0 with 2 M HCl or 2 M NaOH and subsequent extraction with 10 ml of ethyl acetate (twice). The pooled organic layer was evaporated to dryness and the residue resuspended in 10 ml of ultrapure water. The aqueous layer was subjected to SPE as described above prior to biotesting.
Aqueous, alkaline and ethanolic extraction of Daphnia was carried out by homogenizing five adult daphniids (1.25 mg dry weight) in the presence of 10 ml of ultrapure water, 1 M NaOH or ethanol. The aqueous and the alkaline suspensions were subsequently boiled for 5 min, allowed to cool, and then activity was re-extracted by SPE. The ethanol extract was evaporated to dryness prior to biotesting. In order to apply the same biomass of Daphnia as in the standard incubation water, aliquots corresponding to 0.4 mg dry weight of Daphnia were assayed. Aliquots of freshly harvested S.acutus corresponding to 100 mg dry weight were resuspended in 20 ml of ultrapure water, 1 M NaOH or ethanol. The resuspended cells were extracted by ultrasonification and particles were subsequently removed by centrifugation (2000 g, 3 min). The aqueous and the alkaline supernatants were re-extracted by SPE. The ethanolic extract was evaporated to dryness prior to biotesting. Aliquots corresponding to 33 mg dry weight of S.acutus were assayed, thereby exceeding the biomass of S.acutus in standard Daphnia incubation by approximately one order of magnitude.
Chemical characterization
Strong anion-(SAX-silica bonded sorbents, Analytichem Int.) and strong cationexchange cartridges (PRS) were washed with 5 ml of ultrapure water. The pH of Daphnia incubation water was adjusted to 7.0 or 2.5 with 0.1 M HCl and the sample was passed through the ion exchanger. The eluate was collected. For elution of ionically bound compounds, 10 ml of a 1 M NaCl solution were applied to the ion-exchange cartridge. Salts and contaminants, possibly toxic to Daphnia, were subsequently removed by re-extracting the infochemical with C18-SPE.
Base-catalysed acetylation similar to Watts and Kekwick (1974) was used. An aliquot of C18-SPE-enriched activity was gently evaporated to dryness. Then, 3 ml of dried pyridine and 500 µl of acetic anhydride were added and allowed to react for 6 h at 60°C. The reaction was stopped by evaporating to dryness under nitrogen. The sample was resuspended in 1 ml of methanol, diluted with ultrapure water and re-extracted by C18-SPE using the eluent for the bioassay.
For catalysed reduction, an aliquot of enriched activity was evaporated to dryness and resuspended in 3 ml of methanol. For platinum-catalysed reduction with hydrogen, 100 mg of PtO 2 were added, and the solution was stirred for 6 h under hydrogen. Reduction with NaBH 4 was performed by adding 500 mg of the hydride to the resuspended sample, which was then gently stirred for 8 h in a sealed microvial. After reduction with either Pt/H 2 or NaBH 4 , the catalyst was removed by centrifugation; the supernatant was evaporated to dryness and resuspended in ultrapure water.
Chromatography
Infochemicals enriched by C18-SPE from 50 ml of Daphnia incubation water were subjected to reversed-phase HPLC on a 250 ϫ 4.6 mm column packed with LiChrospher (Rp18ec, 5 µm, Merck) by a linear gradient of ultrapure water and ethanol (0 min: 0%; 1 min: 50%; 11 min: 80%; 12 min: 100% ethanol) at a flow rate of 1 ml min -1 ; absorption was monitored at 280 nm. Fractions of different size were collected, evaporated and tested for biological activity.
Enzymatic digestions
Aliquots of C18-SPE-enriched Daphnia incubation water were incubated with different hydrolytic enzymes for 2 h at 37°C and subsequently re-extracted by SPE. The incubation was performed according to the provider (Sigma). Specific conditions [enzyme activity is given in nanokatal (nkat), which is the catalytic activity that will raise the rate of reaction by 1 nmol s -1 ]: alkaline phosphatase: 830 nkat ml -1 at pH 10.0; arylsulphatase: 830 nkat ml -1 at pH 6.0; trypsin: 83 000 nkat ml -1 at pH 7.0; subtilisin: 830 nkat ml -1 at pH 7.0; pepsin: 17 000 nkat ml -1 at pH 2.0.
Results
We produced Daphnia incubation water by incubating daphniids under standard conditions and subsequently removing particles from the holding water by membrane filtration. Addition of 3 ml of this water to 47 ml of growing Scenedesmus resulted in a shift of the distribution of particle volumes (Figure 1 ). Small particles, dominant in the controls, disappeared in the treatments, while larger particles increased in relative abundance. The membrane filters themselves did not release coenobia-inducing activity ( Figure 1) ; hence, we used membranefiltered holding water of Daphnia for further investigations and determined the increase in mean particle volume in Scenedesmus as an indicator for the degree of induction of many-celled coenobia. Fig. 1 . Effect of the addition of 3 ml of filtered incubation water of Daphnia on the volume distribution in a 50 ml Scenedesmus culture. Solid line, treatment; broken lines, control and control after membrane filtration (dotted line). Each curve is the mean of three replicates that has been smoothed.
Lipophilic nature of the infochemical
Aliquots of Daphnia incubation water were adjusted to acid, neutral and alkaline pH values, and extracted in ethyl acetate. At neutral pH, the biological activities of both the organic and the aqueous layer were higher than that of the negative control, but lower than that of incubation water prior to extraction (Table I) . After extraction at pH 7, the biological activity of the aqueous and organic layers did not differ significantly, indicating low extractability of the infochemical in ethyl acetate under these conditions. Under strongly alkaline conditions, the cue remained poorly extractable in ethyl acetate, as indicated by the similar biological activities of the aqueous and organic layers. However, under acid conditions, the coenobia-inducing activities of both layers were significantly different: the activity of the organic layer reached that of incubation water prior to extraction. This indicates that, at pH 2.0, the infochemical became extractable in ethyl acetate: its lipophilicity had increased upon acidification.
Despite the low lipophilicity of the infochemical at pH 7, the biological activity of extracts from Daphnia incubation water could be enriched quantitatively with a lipophilic sorbent (Table II) . After biologically active water had passed a C18 solid phase, the remaining activity did not differ from that of the control, indicating complete binding of the activity to the solid phase. Subsequent elution of the sorbent with ethanol led to recovery of total activity. Subsequently, we used C18-SPE, followed by elution with ethanol, as the standard method of enriching the coenobia-inducing factor from incubation water of Daphnia.
Interactions with ion-exchange resins
The low lipophilic nature of the coenobia-inducing factor might be due to ionic or polar non-ionic moieties. In order to test for ionic groups, enriched activity was passed through different ion-exchange cartridges at various pH values. The infochemical was not retained by the cation-exchange resins at acidic or neutral pH (Table III) , which excludes the presence of positively charged moieties in the cue. After biologically active water had passed an anion exchanger at pH 7, it did not differ from the control, indicating complete binding of infochemical to the exchanger. Subsequent elution of the anion-exchange cartridge rendered activity that was significantly higher than the control and equal to that of incubation water, indicating complete recovery of activity. Under acidic conditions, activity was only partly retained by the anionic exchanger, as indicated by the significantly higher activity of the unretained fraction when compared with that of the negative control. Hence, the anionic character of the infochemical was weakened upon acidification, which shows that the negative charge of the cue was diminished. 
Chemical derivatization
The presence of further functional groups essential for coenobia-inducing activity was investigated by chemical derivatization of C18 solid-phase-enriched infochemicals prior to biotesting. Base-catalysed acetylation resulted in significantly higher activity than the negative control treatment (Table IV) , hence no functional group that could be acetylated was essential for activity. These results exclude hydroxy or amino groups as functional groups essential for coenobiainducing activity. When selective hydrogenation of carbonyl groups with NaBH 4 was attempted, activity remained significantly higher than in the negative control treatment, so that carbonyl groups are not essential for biological activity. Hydrogenation with Pt/H 2 resulted in inactivation of the infochemical, which indicated that olefinic double bonds were a moiety of the cue essential for biological activity.
Enzymatic digestion
The observed anionic charge of the coenobia-inducing cue could be the result of sulphate or phosphate side groups in the molecule. We investigated the presence of these anionic side groups by digestion of C18 solid-phase-enriched infochemicals with alkaline phosphatase and arylsulphatase. After incubation with these enzymes, activity remained significantly higher than that of the negative controls (Table IV) , so that phosphate and sulphate are not an essential part of the coenobia-inducing factor. The infochemical had been shown to be insensitive to pronase E (Lampert et al., 1994) , but this did not exclude the possibility that the cue is a small peptide. Hence, we tested for the presence of specific peptide bonds in the cue by incubation with different proteases, neither of which inactivated the E.von Elert and A.Franck (Table IV) . Hence, peptide bonds between Arg-Lys (trypsin), PheLeu (pepsin) and peptide bonds in general (subtilisin) were not essential for activity of the cue.
Chromatography of the coenobia-inducing activity
When an aliquot of C18 solid-phase-enriched biological activity was subjected to HPLC on a linear water-ethanol gradient and fractions were tested for coenobiainducing activity, biological activity was confined to a single fraction of 2 min (Figure 2) , which is not characterized by pronounced absorbance at 280 nm. When solid-phase-enriched biological activity had been subjected to a clean-up by anion-exchange cartridges prior to HPLC, an identical elution profile of biological activity was obtained (Figure 2 ). This indicated that anion-exchange chromatography did not alter the chromatographic qualities of the coenobiainducing factor. Release of coenobia-inducing activity Lampert et al. (1994) could not release the cue from S.acutus or D.magna by aqueous extraction. The lipophilic nature of the coenobia-inducing factor made us re-examine the extractability of activity from Daphnia or Scenedesmus. The coenobia-inducing factor must be released by live daphniids because neither aqueous nor ethanolic extracts equivalent to a concentration of 500 animals l -1 were active (Table V) . Ethanolic and aqueous alkaline extracts equivalent to 33 mg (dry weight) Scenedesmus were significantly more active than negative controls (Table V) and aqueous extracts, confirming the lipophilic and the anionic nature of the coenobia-inducing factor. However, as the extracted biomass of S.acutus exceeded the ingestion rate under standard conditions (30 daphniids for 24 h in 100 ml) by several orders of magnitude, it may be concluded that the activity is not stored in an active form either in algae or in daphniids. We therefore investigated the idea that the coenobia-inducing factor is generated by digestion of food particles by Daphnia. Hence, the amount of activity generated by a feeding zooplankter should depend on the grazing activity. With food concentrations exceeding the ILL, animal-specific ingestion rates are independent of algal concentrations, but they increase with body size (Geller, 1975) . We therefore investigated the production of coenobia-inducing activity with food concentrations well above the ILL as a function of the individual body mass of the daphniids. Cohorts of 60 D.magna of various ages (1-20 days) were incubated for 24 h under standard conditions, the animals were removed and their dry weight determined, and the incubation water was assayed for coenobia-inducing activity. The mean volume of the particles in treatments was reduced by the mean volume of the particles in the 'Negative control', so that the net coenobia-inducing activity released by the grazers is depicted. When the net inducing activity of the incubation water was plotted against the dry weight of the daphniids, the biological activity showed no differences to be attributed to the individual body mass of the animals ( Figure 3A) . However, the high values of the mean volume of coenobia might indicate that the saturation point of the algal plasticity had been reached in all cases and so differences in biological activity might perhaps not have become obvious. We therefore repeated the incubation of a cohort of D.magna to increase the number of samples taken at various ages (i.e. at various individual body mass). Again, there was no significant trend for the production of coenobia-inducing activity as a function of individual body mass ( Figure 3B ), although the maximum of the response of Scenedesmus was not reached. If the coenobia-inducing activity is released by the digestion of food particles, the net induction of coenobia should be a function of ingestion. We therefore treated the Fig. 3 . Effect of individual body mass of Daphnia, fed under non-limiting conditions, on mean particle volumes of Scenedesmus bioassays. Mean volumes of particles in treatments were corrected for those of the minus controls (no addition of Daphnia incubation water) to depict the net increase in the mean particle volume in Scenedesmus bioassay, which is a synonym for the release of coenobia-inducing activity. (A) The first experiment was performed without, the second (B) with a plus control (ᮀ) to ensure that treatment effects are below the maximum physiological response of Scenedesmus.
(C) Allometric regression analysis of the data of (B): coenobia induction = 2.37 ϫ dry weight 0.063 (r 2 = 0.059; P = 0.13).
net coenobia-inducing activity as a metabolic rate 'R' which is related to the individual biomass 'M' of Daphnia as follows: R = a M b (Peters, 1983) . Linear regression analysis from a log-log plot of net coenobia induction versus individual biomass of Daphnia from Figure 3B yielded no significant relationship ( Figure  3C ). This indicates that the production of coenobia-inducing activity does not increase with individual body mass.
Discussion
Several species of the green algal genus Scenedesmus (Chlorococcales, Chlorophyta) are known to undergo a phenotypic change in colony (coenobia) size which is controlled by environmental factors (Trainor, 1993) . This phenotypic plasticity involves daughter cells which are generated by cell division within the mother cell and, when leaving the mother cell, may either separate to form unicells or stay together in coenobia (Van Den Hoek et al., 1993) . Recently, Hessen and Van Donk (1993) demonstrated that a chemical cue released from the grazer Daphnia induced the formation of coenobia in the spine-armoured S.subspicatus. Lampert et al. (1994) confirmed these results with the spineless S.acutus, showing that the number of cells per colony and the mean volume of the particles are highly correlated, so that the latter can be used as an indicator for the induction of coenobia. We used the same strain of Scenedesmus and took the mean volume of the particles for statistical comparisons of the treatments. First attempts to characterize the chemical nature of the coenobia-inducing substance have shown that it is a water-soluble, low-molecular-weight compound (<500 Da), which is heat stable and pH resistant in a range from 1 to 12 (Lampert et al., 1994) . On the basis of these results, we devised a method for enriching the infochemical from holding water of Daphnia by SPE. The cue was not only Lürling (submitted) has shown that nitrocellulose membrane filters release an anionic detergent with coenobia-inducing activity. In our experiments, cellulose acetate membrane filters were used, which did not release biological activity. Hence, in our case, the anionic side group is a feature of the biologicial cue, which contributes to the hydrophilic nature of the molecule. Enzymatic digestions gave no hints on the presence of phosphate or sulphate as the anionic side group. However, acidification to pH 2.0 diminished the anionic character of the molecule and rendered it extractable with ethyl acetate, suggesting that the anionic side group is probably a carboxyl group, which becomes non-ionic due to protonation upon acidification. Attempted acetylation, indicating the presence of hydroxyl, amino or thiol groups (Knapp, 1979) , that are essential for activity, did not diminish activity. The absence of amino groups is further ruled out by the lack of interactions of the cue with cation exchangers. Hence, no hints for additional ionic or non-ionic hydrophilic groups were found, so that under in situ conditions of pH 8-10 the carboxyl group seems to determine the hydrophilic character of the cue. Inactivation of the cue by hydrogenation with Pt/H 2 indicated that olefinic double bonds were a moiety of the cue essential for biological activity.
The anionic nature of the cue explains earlier findings that the cue is not volatile (Lampert et al., 1994) . The polar nature of the coenobia-inducing activity released from grazing Daphnia ensures that the cue spreads fast and lingers in the epilimnion, as is suggested by several cases of transplantation of field samples into a different lake (cited in Trainor, 1992) . Lürling and Van Donk (1997) have recently shown that coenobia-inducing activity indeed occurs under natural conditions of high zooplankton abundances. A hydrophilic, non-volatile molecule seems to be adequate for signalling the grazing activity of zooplankton under natural conditions where the grazers often show a patchy distribution (Burns, 1995) and where periods of phytoplankton growth (day) and high grazing activity (night) are alternating (Lampert, 1987) .
The change in morphology of Scenedesmus in response to the (chemical) presence of a grazer suggests an analogy with the morphological changes in zooplankton in response to kairomones released from their predators (Larsson and Dodson, 1993) . A kairomone, which is released from the invertebrate predator Chaoborus and which induces cyclomorphosis in Daphnia pulex, was first characterized chemically as a low-molecular-weight (<500 Da) hydroxy-carboxylic acid of low lipophilicity (Tollrian and Von Elert, 1994) . The coenobia-inducing infochemical differs from the Chaoborus-borne kairomone in that it is olefinic. However, with regard to low molecular weight, the anionic side group and the low lipophilicity, both cues do not differ. Identical chemical features were reported for the kairomone which is released by three cyprinid species and which induces diel vertical migration in Daphnia as a behavioural defence (Von Elert and Loose, 1996) . Readily water-soluble kairomones have also been found in other predator-prey systems. High-molecular-weight kairomones (proteins of 17 000-30 000 Da) are released by predatory rotifers acting on other rotifers (Gilbert, 1966) and predatory ciliates (Kusch and Heckmann, 1992) , and turbellarian flatworms produce kairomones that act on ciliates. In all these cases, the kairomones are non-volatile and of intermediate polarity. This suggests that in planktonic communities with predator activities varying in time and space, these chemical features might be characteristic for infochemicals in order to ensure that the cues do reliably signal the real predation pressure. Lampert et al. (1994) found that neither homogenates of Scenedesmus nor of D.magna induced coenobia, and with even more lipophilic solvents we could not extract coenobia-inducing activity. Hence, the cue is not a constituent of either organism, but probably results from the interactions of grazer and algae. Lürling and Van Donk (1997) hypothesized that the infochemical is produced by digestion of the algae by the grazer. Unsaturated fatty acids fit the chemical features of the coenobia-inducing cue and could be released from algae by grazing. Indeed, free fatty acids were shown to be released by Daphnia grazing on Scenedesmus, but, when assayed as single compounds or mixtures, free fatty acids did not induce coenobia (Von Elert, submitted). The idea that the coenobiainducing activity is released by digestion of algae is not supported by our data either, which showed that the allometric relationship of the production of coenobia-inducing activity differed from that of ingestion rate, in that the former did not increase with individual body mass of Daphnia. As general metabolic parameters like respiration similarly increase with body mass, we suggest that the cue originates from particular metabolic reactions in zooplankton that differ from general metabolism. However, farnesoic acid, the possible excretion form of the moulting hormone of crustaceans, did not show coenobia-inducing activity (Von Elert, submitted). The fish-mediated release of a kairomone, which had been reported not to depend on the feeding of the fish (Loose et al., 1993) , has recently been shown to depend, at least partly, on bacterial activity (Ringelberg and Van Gool, 1998) . Whether, similarly, bacteria are involved in the generation of coenobia-inducing activity, remains to be seen.
Grazer-mediated formation of many-celled coenobia may be a grazer defence, as most grazers are size selective. Such a protection against grazing by coenobia formation has been demonstrated for S.subspicatus with small D.magna (Hessen and Van Donk, 1993) and with Daphnia cucullata (Lürling and Van Donk, 1996) as grazers. Hence, the infochemical can be classified as a 'kairomone' in these cases (Dicke and Sabelis, 1988) , which probably holds for all small grazers. However, in other cases, D.magna-mediated coenobia formation in S.acutus did not reduce grazing losses (Lampert et al., 1994) and was not obviously beneficial for the algae. If coenobia induction by big grazers, such as D.magna, is regarded as a mechanism to suppress competing grazers of smaller body size, the infochemical functions as an allomone in these cases. Classification of the coenobiainducing cue is complicated further by the fact that the costs of colonial growth for the alga could only partly be shown. The inducibility of many-celled coenobia suggests that colonial growth is associated with costs that are avoided unless they are compensated by benefits. However, as yet no reduction in growth rates has been observed upon colonial growth under non-limiting nutrient conditions (Hessen and Van Donk, 1993; Lampert et al., 1994; Lürling and Van Donk, 1997) . Assuming that many-celled coenobia have a lower surface/volume ratio than single cells, growth rates of many-celled coenobia might be less than those of single cells under nutrient-limiting conditions. However, this has not been tested. Furthermore, costs of colony formation could manifest themselves as increased losses for Scenedesmus as a consequence of higher sinking rates of many-celled coenobia (Reynolds, 1984) . On the other hand, changes in Scenedesmus morphology can be induced by a variety of abiotic factors (Trainor, 1992) , suggesting that, for yet unknown reasons, the formation of many-celled coenobia may be advantageous under certain circumstances.
However, the putative costs of colonial growth might depend on the inducing cue, so that coenobia formation due to a grazer-borne cue leads to costs for Scenedesmus that differ from those when coenobia are induced abiotically, because different cues might interfere with different metabolic processes of the alga. As possible costs are obviously not reflected in growth rates, the design of more specific tests requires the knowledge of where the biological cue interferes with the physiology of the algae. Thus, the chemical identification of the coenobia-inducing activity released by grazers is essential for the investigation of costs of this phenotypic plasticity in Scenedesmus. The technique presented in this paper allows large-scale enrichment and subsequent purification by anionexchange and reversed-phase HPLC, which are essential tools for the chemical identification of the coenobia-inducing infochemical.
